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Reversible compensatory hypertrophy in rat kidneys: Morphometric
characterization. Functional renal compensatory hypertrophy (RCH) in
the uninephrectomized rat is completely reversible by transplantation in
Brown Norway (BN) rats, while anatomic RCH is not. To determine
the nephron element(s) responsible for persistent anatomic RCH, we
performed morphometric analysis on perfusion fixed rat kidneys fol-
lowing renal function studies. In this model the function of renal
transplants is not different from contralateral and unmanipulated con-
trol kidneys, and there is no histological evidence of rejection. Rats
uninephrectomized for three or six weeks had larger glomeruli than
controls, and after transplantation of a previously hypertrophied kidney
into a rat with a normal or a solitary hypertrophied kidney, glomerular
size returned to control levels. Increased glomerular capillary volume
(CVcp) in kidneys with RCH was due to increased capillary length (Lap;
13.1 1.0 mm cf. 10.3 0.9, P < 0.01) without increase in capillary
radius (Rc; 3.26 0.33 /LM cf. 3.28 0.24). In contrast, return of CV
to control levels in kidneys undergoing regression was associated with
persistently elevated (13.0 2.9 mm; native previously hypertro-
phied kidney; 12.2 0.9; transplanted previously hypertrophied kidney
vs. 10.3 0.9, P < 0.01) and decreased (2.79 0.10 /M and 2.73
0.09 cf 3.28 0.24, P < 0.01). RCH was associated with proportional
increases in glomerular, tubular, and vascular-interstitial volumes while
only elevated tubular volume persisted during regression. Altered
glomerular capillary dimensions and increased tubular volumes ac-
quired during renal RCH induced by unilateral nephrectomy persisted
during complete functional regression. Since CV,, increase in RCH is
not associated with an increase of R,,,, a pathogenetic role for LaPlace
forces based on more extensive models of nephron ablation may not be
applicable to the uninephrectomy model.
The technique of renal transplantation has been used in rats
to study diverse diseases, but the ability to separately manipu-
late the functional status of the graft and the native kidneys
prior to transplantation allows separate analysis of host and
donor factors in the development and regression of renal
compensatory hypertrophy (RCH). Until recently, studies of
renal transplantation in the rat were compromised by subnor-
mal clearances of para-aminohippuric acid (PAH) and inulin or
creatinine [1—7], but we reported [8, 9] that graft dysfunction is
prevented by avoiding warm ischemia during transplantation.
We have also reported the functional characterization of corn-
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pensatory hypertrophy and its reversal using these techniques
[10]. In the latter study the kidneys with RCH were appropri-
ately enlarged (increased wet weight), but following complete
regression of functional hypertrophy, return of kidney size to
normal was incomplete.
We studied the kidneys of these previously characterized rats
[10] using morphometrics to determine glomerular size and
capillary dimensions in animals with RCH and following regres-
sion of hypertrophy. Persistence of increases in following
regression of RCH implies that some of the acquired morpho-
logical changes are not reversible. The results also have impli-
cations for adult patients with a solitary kidney as the result of
disease or organ donation.
Methods
Genetically-identical adult male Brown Norway rats, ob-
tained from either Harlan or Charles River, were used as donors
and recipients. Following physiological studies [10], kidneys
were perfusion-fixed with 2% glutaraldehyde, 2% paraformal-
dehyde in 0.1 M sodium cacodylate buffer, pH 7.4 as previously
described [11].
Renal transplantation
The techniques for harvesting and transplanting kidneys were
described in detail previously [9]. Five groups of rats were
studied:
Group 1. This group was comprised of rats with two normal
native kidneys. Functions of native left and right kidneys were
measured when rats were approximately twelve weeks old.
Group 2. This group consisted of rats with one native kidney
hypertrophied for six weeks. Unilateral nephrectomy was per-
formed when rats were approximately six weeks old (body wt
122 6 g), and function of the remaining native left kidney was
measured six weeks later.
Group 3. The eventual donors were unilaterally-nephrecto-
mized when they were approximately six weeks old (body wt
125 4 g). Three weeks later, their hypertrophied left kidneys
were transplanted into recipients who were unilaterally ne-
phrectomized at the time of surgery. At this time, both donors
and recipients were approximately nine weeks old (body wt 177
6 and 192 6 g, respectively). Three weeks later, functions
of the previously hypertrophied transplanted left kidney and the
native right kidney were measured.
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Group 4. Both the eventual donors and the eventual recipi-
ents were unilaterally nephrectomized when they were approx-
imately six weeks old (body wt 118 1 and 118 1 g,
respectively), and three weeks later, the hypertrophied left
kidneys of donors were transplanted into the recipients which
already had hypertrophied right kidneys. At this time, body
weights of donors and recipients were 184 5 and 167 3 g,
respectively. Functions of transplanted left and native right
kidneys were measured three weeks later.
Group 5. The eventual donors were unilaterally nephrecto-
mized when they were approximately six weeks old (body wt
117 6 g). Three weeks later, their hypertrophied left kidneys
were transplanted into bilaterally nephrectomized recipients,
and function of the solitary previously-hypertrophied trans-
planted left kidneys were measured three weeks later. At the
time of transplantation both donors and recipients were approx-
imately nine weeks old (body wt 178 9 and 180 9 g,
respectively).
Morphologic studies
The kidney(s) were excised after fixation and sliced at two
mm intervals in the transverse plane. A section through the
papilla was embedded in paraffin and sections were cut at four
microns and strained with hematoxylin and eosin (H&E) and
periodic acid-Schiff (PAS). Sections were systematically exam-
ined for glomerular lesions.
Morphometric analysis
Random sections of well-perfused, unscarred cortex were
selected and oriented with one edge at the capsular surface and
one edge at the corticomedullary junction, beneath the arcuate
arteries. To preserve orientation, the sections were flat-embed-
ded in plastic, cut with glass knives and stained with toluidine
blue [11]. The superficial and mid-cortical glomeruli were
systematically evaluated by standard stereologic methods [12,
13]. Because the juxtamedullary glomeruli were larger than the
superficial cortical glomeruli, they were excluded from the
analysis by not evaluating glomeruli below and two layers
above the arcuate arteries. All superficial and mid-cortical
glomeruli were included in the determination of glomerular
diameter, but point counting was limited to well-preserved
glomeruli cut through the vascular pole. The validity of this
exclusion was tested previously [11] when we found that the
glomeruli studied morphometrically had the same mean diam-
eters comparable to that of the whole population determined
from the real distribution profile for the entire sample.
The maximum and minimum individual glomerular diameters
between the internal edges of Bowman's capsule were mea-
sured by an ocular with concentric circles calibrated with a
stage micrometer. As the ratio of these diameters was below the
limit of 1.4, proposed as the highest value that allows the
treatment of ellipsoids as spheres, the geometric mean of the
major and minor axis measurements was considered to be the
diameter of each individual glomerulus. The real distribution
profile of the different glomeruli in each animal was then
determined by the method of Van Damme and Koudstaal [14].
The mean glomerular diameter for each animal was calculated
from the distribution profile, and the glomerular volume was
calculated from the formula 4/3 IT r3.
The contribution of glomerular capillary enlargement to the
Fig. 1. Glomerulus and cortex, control group 1. The glomerular capil-
lanes are patent and the tuft fills Bowman's space. The peritubular
capillaries are patent, and the tubules are well-preserved with intact
brush borders. Toluidine blue, x 400.
glomerular hypertrophy response and the glomerular capillary
dimensions were determined morphometrically by standard
point counting techniques as previously reported [11—13, 15].
The proportion of cortical tissue occupied by glomeruli,
tubules and blood vessels and interstitium (relative volumes)
was determined by standard point counting methods as previ-
ously described [16].
Statistical analysis
The data sets were analyzed to determine how well they fit a
normal distribution. Calculation of the third and fourth central
moments of each data set showed that they were platykurtik but
symmetrically distributed about the mean. Glomerular size and
volume, capillary dimensions, and relative cortical volumes
were compared among groups by ANOVA. If statistically
significant differences were present, as indicated by a probabil-
ity value less than 0.05, differences between groups were sought
with the Student unpaired t-test with Bonferroni's correction
for multiple comparisons.
Results
Histopathology
The right and left kidneys of control group 1 were well-
perfused (Fig. I) with patent, rounded glomerular capillaries
and tufts that filled the majority of Bowman's space. The
tubular lumens were free of debris, and the brush border of the
proximal tubules was well-preserved. The interstitium was not
expanded, and there was no interstitial nephritis. All the
transplanted kidneys were distinguished from the unoperated
controls by fibrous thickening of the renal capsule and focal
foreign body giant cells in the capsule and peripelvic connective
tissue.
The glomeruli and the tubules of the hypertrophied native
kidneys in group 2 and the hypertrophied transplanted kidneys
in group 5 were clearly larger than the control (Fig. 2). With the
exception of pericapsular and peripelvic fibrosis and foreign
¶ 
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Regression in the transplanted kidney was not different in the
presence of a normal or hypertrophied native kidney. There
were no significant differences in any of the capillary dimen-
sions between the transplanted left kidneys in groups 3 and 4.
Relative renal cortical volumes
The relative cortical volumes of glomeruli, tubules and ves-
sels and interstitium were not different from control in the
hypertrophied kidneys (group 1 cf. groups 2 and 5, Table 2).
After regression, the previously hypertrophied kidneys (groups
3 and 4) did not return to the relative interstitial volumes of the
controls (group 1). They had a relative increase in tubular
volume at the expense of the blood vessels and interstitial
volume.
Discussion
Fig. 2. Glomerulus and cortex, transplanted kidney, group 5. Note the
enlargement of the glomerulus and tubules compared to Figure 1. There
is no histological evidence of tubular damage or interstitial nephritis to
identify this as a transplanted kidney. Toluidine blue, x 400.
body giant cells, the hypertrophied solitary kidneys of groups 2
and 5 were indistinguishable.
The glomeruli and tubules of the previously hypertrophied
kidneys in groups 3 and 4 were not appreciably larger than the
unoperated controls (group 1), the contralateral nonnal native
(group 3), and previously hypertrophied native right kidney
(group 4). There was no evidence of vascular rejection or
interstitial nephritis in the transplanted left kidneys (groups 3, 4
and 5).
Glomerular morphometrics
Glomerular hypertrophy was similar in the hypertrophied
native kidney (group 2) and following transplantation (group 5).
Glomerular diameter (DG)was similar (152 6 vs. 154 7 M,
P > 0.05) in both hypertrophied kidneys and greater than in the
controls (group 1, Table 1). Increased glomenilar volume was
associated with an absolute increase in glomerular capillary
volume. The mean capillary length (L) was increased in both
hypertrophied kidneys while the capillary radius (R,) and
resulting capillary cross-sectional area (CSACP) were similar to
control. Thus, glomerular hypertrophy was due to isolated
increase in
The glomeruli of the previously hypertrophied left kidney
returned to control size when transplanted into rats with normal
(group 3) or previously hypertrophied (group 4) native right
kidneys (Table 1). After three weeks of regression, the DG in
the transplanted left kidney was similar to the contralateral
normal native kidney in group 3 (transplanted left kidney =138
5 vs. native right kidney = 138 5 , P > 0.05) and
previously hypertrophied native kidney in group 4 (transplanted
left kidney = 134 5 vs. native right kidney 139 10 tM, P
> 0.05). Although capillary volume returned to control levels as
the kidney underwent regression, the remained elevated,
and in group 4 it remained significantly greater than control in
both previously hypertrophied kidneys (Table 1). In contrast
R and CSA were significantly smaller than control in all the
previously hypertrophied native and transplanted kidneys in
groups 3 and 4.
The results of the present experiment extend functional and
gross anatomical observations in reversal of RCH [10, 17—19] by
providing hitherto unavailable morphometric characterization
of glomerular size and capillary dimensions (Table 3). In
previously hypertrophied kidneys transplanted into a recipient
with either a normal (group 3) or a previously hypertrophied
native kidney (group 4), overall glomerular size, expressed as
the glomerular diameter, and glomerular capillary volume re-
turn to control levels. Since the mean glomerular capillary
length remains elongated in regression (Table 3), the decreased
capillary volumes must result from a significant reduction in the
capillary radius and the cross-sectional area. Although glomer-
ular function returns to normal following regression of RCH
[10], increased acquired during RCH, does not. The
persistent does not explain the incomplete reversal of renal
weight during regression [10], but this demonstration supports
the contention that some of the morphological changes acquired
during RCH (Tables 1 and 2) are irreversible.
Our morphometric analysis of RCH is remarkably similar to
that of Olivetti et al [12] who studied young (45 g) Wistar rats
five weeks after uninephrectomy. They found that a 70%
increase in glomerular volume attributable to compensatory
hypertrophy was associated with a comparable increase in
glomerular capillary volume. While the was increased by
70%, there was no significant increase in the R or the CSACP.
Although Olivetti et al performed these studies in a different rat
strain and in very young rats in which RCH is complicated by
normal growth [12, 20], our study of RCH in Brown Norway
rats showed similar glomerular and capillary enlargement with
identical capillary dimensions. In concert with the report of
Olivetti et al [12], our findings are consistent with a mechanism
of glomerular compensatory hypertrophy resulting from elon-
gation of the glomerular capillaries without a concomitant
increase in their diameters.
Compensatory hypertrophy following more extensive paren-
chymal ablation in the remnant kidney model (RK = right
nephrectomy and partial infarction of the left kidney) results in
greater morphological hypertrophy and increase in single gb-
merular function [21] than uninephrectomy. Previous morpho-
metric studies in RK have shown that increased is always
associated with increased R, and CSACP [11, 15, 20]. The size
(age) of the rat is also important, because in rats weighing
between 150 to 200 g there is an isolated increase in [15,
20], but in larger, older rats (>350 g) the is also increased
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Table 1. Glomerular morphometrics
Groups N
Glomerular
diameter
pM
Glomerular
volume
/sM3 x 1O
Capillary
volume
percent
Capillary
volume
LM3 X 1O
Capillary
length
mm
Capillary
cross-sectional
area /LM2
Capillary
radius
j.LM
Control
Group ia (18) 136 4 1.32 0.12 27 4 347 34 10.3 0.9 34.0 4.8 3.28 0.24
Group 2
Left (7) 152 6C 1.84 0.22" 25 3 449 27C 11.9 1.4'' 38.1 4.2 3.48 0.19
Transplants
Group 3
Left" (6) 138 5 1.37 0.14 22 2 308 55 11.0 1.1 27.9 2.7" 2.97 0.15C
Right (6) 138 5 1.39 0.15 22 2C 298 35 11.3 1.5 26.7 4•4C 2.91 0.24C
Group 4
Left" (5) 134 5 1.26 0.13 24 1 297 32 12.2 0.9" 24.4 1.8" 2.79 0.10C
Right (5) 139 10 1.43 0.31 24 lC 307 81 13.0 2.9C 23.5 l,6C 2.73 0.09C
Group 5
Left' (7) 154 7" 1.92 0.26" 23 3 441 104" 13.1 1.0" 33.6 7.0 3.26 0.33
a Left and right kidneys combined
b Transplanted kidney
C Different from control group 1, unpaired 1-test, P < 0.01
Table 2. Renal cortical relative volumes (percent)
Groups N Glomeruli Tubules
Blood vessels
and
interstitium
Control
Group ia (18) 7.2 1.1 79.7 1.9 13.2 1.7
Group 2
Left (7) 6.8 1.1 79.4 2.6 13.8 2.3
Transplants
Group 3 (6) 6.4 0.8 83.4 1.OC 10.3 1.5C
Left" (6) 6.8 1.0 83.8 1.9" 9.4 1.4C
Group 4
Left" (5) 6.7 1.3 84.8 2.0" 8.5 2.5C
Right (5) 6.9 0.8 84.0 2.3C 9.1 1.8C
Group 5
Leftb (7) 6.1 1.0 81.4 3.9 12.4 4.5
a Left and right kidneys, combinedb Transplanted kidney
C Different from control group 1, unpaired t-test, P < 0.01
[11, 20]. This may reflect differences in growth patterns and
response to trophic hormones between young and mature
animals in which RCH is accomplished by cellular proliferation
in the former and by cellular hypertrophy in the latter [22].
Although the cellular mechanism of RCH, involving locally
synthesized insulin-like growth factor (IGF-I) [23] may be the
same in RCH following uninephrectomy and RK, the greater
functional demands of RK apparently lead to important differ-
ences in the glomerular capillary dimensions.
Contrasting increases in in RK and in uninephrec-
tomy have very different pathogenetic implications for individ-
uals with the two conditions. Despite the limited evidence
linking RCH in adults to progressive renal disease [reviewed in
24], case reports of glomerular disease after uninephrectomy for
congenital and acquired renal disease and for renal organ
donors continue to suggest a role for RCH following uninephrec-
tomy in the pathogenesis of progressive glomerular sclerosis.
Rats with RK develop progressive glomerular disease unless
treated by diet [25—27], antihypertensive agents [28, 29], or by
virtue of genetic resistance [11, 30]. The mechanism by which
Table 3. Morphometric summary
Group
Glomerular
diameter
Capillary
Volume Length Radius
1. Normal native kidney normal normal normal normal
2, Hypertrophied native a t a a NC
kidney
3. Regression in presence NC NC 1' a
of normal native
kidney
4. Regression in presence NC NC f a ,, a
of hypertrophied
native kidney
5. Hypertrophied a t a a NC
transplanted kidney
Abbreviation is NC, no change from normal.
Symbols are: , greater than normal native kidney; , less than
normal native kidney.
a Different from normal native kidney, P  0.05.
glomerular hypertrophy contributes to progression of glomeru-
lar disease in the remnant kidney remains to be demonstrated
[311, but it has been postulated that the dilated glomerular
capillaries [11, 30, 32—35] in the RK are more susceptible to
barotrauma by virtue of the relation between tension in the wall
and radius described by LaPlace. However, the present study
confirms [12] that compensatory hypertrophy occurring after
uninephrectomy is accomplished without significant increase in
This suggests that mechanisms based upon glomerular
capillary dilation demonstrated in experimental animals with
the RK are not applicable to individuals with uninephrectomy.
Furthermore, our observations and interpretation are in accord
with the generally benign course observed in rats [36, 37] and
humans [231 following uninephrectomy.
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